Rapid induction of keratinocyte and fibroblast migration into wounds is necessary for tissue repair. Reepithelialization begins soon after injury as epidermal cells become migratory (1, 2). Because plasma fibronectin (pFn) circulates in the blood at 0.3-0.5 mg/mL (reviewed in ref.
Introduction
Rapid induction of keratinocyte and fibroblast migration into wounds is necessary for tissue repair. Reepithelialization begins soon after injury as epidermal cells become migratory (1, 2) . Because plasma fibronectin (pFn) circulates in the blood at 0.3-0.5 mg/mL (reviewed in ref. 3 ) and binds to fibrin, it is a significant component of clot provisional matrix. If the basement membrane is destroyed, epidermal cells migrate over the pFnrich provisional matrix (4) (5) (6) . The fibronectin of the provisional matrix is also known to promote the movement of fibroblasts, macrophages, and blood vessels into the wound space (1, 7) . Keratinocytes, other epithelial cell types such as mammary and prostate epithelial cells, and fibroblasts express the α5β1 integrin fibronectin receptor (8) (9) (10) (11) . Although keratinocytes express less α5β1 than α3β1, α5β1 is more important for migration (8) . Also, expression of α5β1 (12, 13) and specific metalloproteinases (14) are increased in motile keratinocytes at the leading edge of the new epithelium. Keratinocyte and fibroblast cell movement is supported by pFn (15, 16) . Fragments of pFn containing the cell-binding domain, which are found in wounds due to localized proteinase activity (17, 18) , stimulate monocyte (7) and fibroblast chemotaxis through the dermis (19) (20) (21) , as well as matrix metalloproteinase expression by fibroblasts (11) . This interaction also stimulates cellular invasion of the provisional matrix and wound stroma (16; reviewed in ref. 22 ). The pFn cell-binding domain also induces monocytes to extravasate from proximal vessels, enabling them to enter the wound and differentiate into inflammatory macrophages (23) , and can stimulate normal human endothelial cell motility in vitro (24) . Thus, the invasive/migratory phenotype expressed by epithelial cells and fibroblasts after wounding may result from pFn fragmentation and α5β1 integrin-mediated signaling. Furthermore, this interaction promotes the immigration or motility of a number of cell types involved in healing through a variety of extracellular matrices, including the stroma as well as vascular basement membranes (23, 24) .
To define the invasion-stimulatory sequences of pFn, the naturally serum-free basement membranes and associated extracellular matrices of sea urchin embryos (SU-ECM) were used as in vitro invasion substrates (25) . We report that the PHSRN sequence of pFn stimulates SU-ECM invasion by keratinocytes and fibroblasts. Acetylated and amidated PHSRN peptide (Ac-PHSRN-NH 2 ) is greatly increased in activity, whereas a randomized sequence peptide, Ac-HSPNR-NH 2 , is inactive. In derivatives of the PHSRN peptide, substitution of arginine by alanine or glutamic acid also results in inactivity.
Topical application of Ac-PHSRN-NH 2 accelerates the healing of dermal wounds in genetically obese, diabetic C57BL6/KsJ db/db mice, resulting in wound closure that may be faster than that of untreated wounds in nondiabetic C57BL6/KsJ db/+ littermates, and as fast as that of Ac-PHSRN-NH 2 -treated wounds in db/+ mice. In contrast, neither Ac-HSPNR-NH 2 nor normal saline (NS) treatment stimulates db/db wound healing.
Comparison of sectioned Ac-PHSRN-NH 2 , Ac-HSPNR-NH 2 , and NS-treated db/db wounds for 8 days after wounding shows that Ac-PHSRN-NH 2 treatment stimulates keratinocyte migration across the developing granulation tissue, as well as fibroblast immigration into the provisional matrix.
Methods
Cell culture and SU-ECM invasion assays. In SU-ECM invasion substrates, a basement membrane surrounds a blastocele in which invading cells localize shortly after suspension and placement on the outer surfaces. Even in the presence of serum, these invasion substrates have been shown to be free of the background invasion by normal cells (25) that is observed when artificial or reconstituted basement membranes are used (26, 27) . Because they are naturally serum free, SU-ECM have recently been used to define a potent competitive inhibitor of pFn-induced invasion by metastatic prostate cancer cells; this inhibitor appears to be an effective anti-tumorigenic and anti-metastatic agent in Copenhagen rats (28) .
In vitro invasion assays on SU-ECM were performed with or without added FCS, as described previously (25) . Undifferentiated, first or second passage human keratinocytes (a gift of C. Marcelo, University of Michigan, Ann Arbor, Michigan, USA) were cultured in serum-free keratinocyte growth medium (Clonetics Corp., San Diego, California, USA). First or second passage neonatal foreskin fibroblasts (a gift of J. Varani, University of Michigan, Ann Arbor, Michigan, USA) were cultured as described (25) . Cells from single-cell suspensions made with 0.25% trypsin/EDTA (GIBCO BRL, Grand Island, New York, USA) were placed on SU-ECM invasion substrates with or without FCS for 4 hours at 37°C, the time required to observe maximal invasion percentages. Peptides were present at a uniform concentration in these assays, rather than in a gradient. Chemotaxis results from gradients in inductive signaling, often created by gradients in ligand concentration. However, as assessed by fluorescent antibody staining, short-term asymmetric distribution of the fibronectin receptors results from trypsinization to suspend the cells just before assay (data not shown). As indicated by the maximal invasion percentage of about 25%, which is always reached in 3-4 hours (25, 28 , and data not shown), this asymmetric distribution probably results in differential signaling across the cell surface to stimulate invasion by appropriately oriented cells. Cellular viability in SU-ECM invasion assays ranged from 90% to 99% before fixation in 2% formaldehyde and scoring of invasion percentages. Invasion percentages are the ratio of the number of cells located in the blastocelic cavities of SU-ECM invasion substrates to the total number of single cells adhering to their exterior and interior surfaces. Each invasion percentage was the result of three or four independent determinations involving the scoring of the positions of all individual cells adhering to SU-ECM, typically about 100 individual cells for each determination. Before use, the intactness of the pFn 120-kDa chymotryptic fragment (Sigma Biochemicals and Regents for Life Science Research, St. Louis, Missouri, USA) was verified by denaturing gel electrophoresis (29) .
Inhibition of epithelial cell and fibroblast invasion with antiintegrin antibodies. P1D6 or P1B5 monoclonal antibodies (30, 31) , purchased from Oncogene Research Products (Cambridge, Massachusetts, USA), were bound to keratinocytes or to human foreskin fibroblasts (HFFs) in serum-containing medium on ice for 30 minutes before or after a 5-minute exposure of the cells to 60 µg/mL of the 120-kDa pFn cell-binding domain at room temperature. Prebound cells were diluted 20-fold, then dropped as cell suspensions on SU-ECM in the appropriate medium with FCS.
Peptide synthesis. The following peptides were synthesized using standard Fmoc/t-butyl protection strategies (32) at 25 µM and 100 µM scales on a Rainin Symphony (Rainin Instrument Co., Woburn, Massachusetts, USA) multiple peptide synthesizer: PHSRN, amino-terminal acetylated and carboxy-terminal amidated PHSRN (Ac-PHSRN-NH 2 ), the randomized sequence control (Ac-HSPNR-NH 2 ), PHSAN, PHSEN, and PHSKN. Larger scales (1mmol and above) were synthesized on a Rainin Sonata large-scale synthesizer. Peptides were synthesized on chlorotrityl resin or on Rink resin. The completed peptides were cleaved from the resin support and the side chain protecting groups were simultaneously removed by trifluoroacetic acid (TFA). The peptides were then precipitated with diethyl ether, purified by preparative HPLC, and then lyophilized. Peptide purities were assessed by reverse phase HPLC, performed according to standard procedures (33) , as 92% for PHSRN, 95% for Ac-PHSRN-NH 2 , 97% for PHSAN, 95% for PHSEN, 93% for PHSKN, and 95% for Ac-HSPNR-NH 2 (not shown). Peptide structures were confirmed by mass spectrometry and amino acid analysis (not shown). Because the presence of TFA, a very strong acid, could affect peptide activity in aqueous solution or injure the mice, residual TFA was removed by gel permeation chromatography on a Sephadex G-10 column equilibrated with 1 N acetic acid. Peptides were then lyophilized to remove the excess acetic acid and were stored as lyophilized solids at -20°C until solubilization in NS at 1 mg/mL for use in vitro or in mouse wounds.
Motility assays. Standard checkerboard analyses were performed to compare the effects of the PHSRN peptide on chemotaxis and chemokinesis in Boyden chambers with 8-µm pores for HFFs (Becton Dickinson Labware, Bedford, Massachusetts, USA), and with 12-µm pores (Sigma) for keratinocytes. Chambers were coated with gelatin by allowing sterile 0.2% gelatin to sit in the chambers for 3-5 minutes before drying at 37°C for 1-2 hours. Cells were preincubated in serum-free medium with either 2 µM PHSRN or 0.2% BSA for 1 hour. Cells were then suspended by trypsinization and placed in the upper chambers in serum-free medium containing either 0.2% BSA or 2 µM PHSRN peptide. Two-micromolar PHSRN or 0.2% BSA was placed in the lower chambers. Serum-free basal medium (Clonetics Corp.) was used for keratinocytes; serum-free DMEM (GIBCO BRL) was used for HFFs. All assays also used a Boyden chamber with 10% FCS in the lower well as a positive control. Motility assays were performed according to standard procedures (34) . All cells were allowed to migrate for 12 hours before microscopic scoring of at least ten randomly chosen fields per chamber.
Wounding of db/db mice and their normal littermates for measurements of wound areas. Biopsy punches 4 mm in diameter (Henry Schein Inc., Port Washington, New York, USA) were used to wound C57BL6/KsJ db/db and C57BL6/KsJ db/+ mice (35) (36) (37) (38) , aged 3-7 months (The Jackson Laboratory, Bar Harbor, Maine, USA). Anesthetized mice were wounded once or twice on the upper back by pinching the skin away from the underlying fascia and muscle and pushing the biopsy punch through the skin as it lay over a forefinger. As judged by measuring sections of day-old wounds with a reticle at 400-fold magnification, db/db mice were wounded to a mean depth of 1.7 mm (± 0.4 mm, SD), with a range of 1.3-2.2 mm. The depth of the wounds in the db/+ mice appeared to be somewhat less (1.1-1.5 mm) because of the reduced amount of subcutaneous fat in these animals. However, in no case was the underlying muscle wounded. In each experiment, the mice were age matched. To evaluate wound area vs. time in Ac-PHSRN-NH 2 -treated, Ac-HSPNR-NH 2 -treated, or NStreated db/db mice, as well as in Ac-PHSRN-NH 2 -treated or NS-treated db/+ mice, C57BL6/KsJ db/db mice (n = 100) and db/+ nondiabetic littermates (n = 80), aged 3-7 months were wounded in duplicate as described above. In some db/db mice (n = 60), both wounds in each mouse received a single identical treatment: 2 µg Ac-PHSRN-NH 2 or 2 µg Ac-HSPNR-NH 2 in 5 µL NS were used in three groups of ten mice each. NS only (5 µL) was used to treat the duplicate wounds of other db/db mice (n = 20). To assess the locality of the effect of Ac-PHSRN-NH 2 treatment, the remaining db/db mice (n = 20) received 2 µg Ac-PHSRN-NH 2 or Ac-HSPNR-NH 2 in one of two duplicate wounds; the remaining wound on each mouse received 5 µL NS only. Eighty db/+ mice were wounded in duplicate, as described for the db/db mice. In some db/+ mice (n = 30), both wounds received 2 µg Ac-PHSRN-NH 2 in 5 µL NS. In other db/+ mice (n = 30), both wounds received only NS. To assess the locality of the effect of Ac-PHSRN-NH 2 treatment, the remaining db/+ mice (n = 20) received 2 µg Ac-PHSRN-NH 2 or Ac-HSPNR-NH 2 in one of two duplicate wounds; the remaining wound on each mouse received 5 µL NS only. Mean wound areas were determined as described (38) . Peptide solutions and controls were coded before use by individuals not involved in the wounding or in the scoring of wound areas.
Histological analysis of Ac-PHSRN-NH 2 , Ac-HSPNR-NH 2 , and NS-treated db/db wounds. On day 0, 24 db/db mice aged 3 months were wounded in duplicate with a 4-mm biopsy punch as described above, and were divided into three treatment groups of 8 mice each. The wounds of each group were treated once with 5 µL NS containing either 2 µg Ac-PHSRN-NH 2 or 2 µg Ac-HSPNR-NH 2 , or once with NS alone. On days 1 through 8, a mouse from each treatment group was sacrificed. Its wounds were dissected out, each surrounded by unwounded skin. Thus, all the wounded mice were assayed in this experiment. Wounds were fixed for at least 3 days in 5% formaldehyde in PBS, and then embedded in paraffin. Before sectioning and staining with hematoxylin and eosin according to standard procedures (39), the blocks were cut to expose the wounded tissue near the center of each wound. For each wound, the distance keratinocytes migrated from the wound edges was measured in five groups of three serial 5-µm sections. Fifty sections, or 250 µm, separated each group of three serial sections from the next group. The distance migrated was measured using a reticle and a standard grid with phase-contrast optics at 100-fold and 250-fold magnification. The entire wound bed or new dermal tissue was also examined in each section of each wound at 200-fold and 400-fold magnification. Sections were photographed at 400-fold magnification.
Results

Invasion induction by the PHSRN sequence of the pFn cellbinding domain.
The effect of the 120-kDa pFn fragment on keratinocyte and fibroblast invasion was assessed using SU-ECM invasion substrates in the presence and absence of FCS. Figure 1 shows the mean percentages of invaded cells in response to various fragment concentrations. Irrespective of the presence of FCS in the invasion assay media, keratinocytes and fibroblasts were Because the α5β1 fibronectin receptor is known to interact with the PHSRN and RGD sequences of the cell-binding domain (40, 41) , invasion induction by the 120-kDa pFn fragment suggested the possible involvement of α5β1 integrin. Keratinocytes and fibroblasts were suspended and bound to the monoclonal anti-α5β1 P1D6 function-blocking antibody, either before invasion stimulation by the 120-kDa pFn fragment or concurrently. The epitope of the P1D6 antibody has been shown to include the specific pocket of the α5 chain that binds the PHSRN sequence of the cell-binding domain (42) . Although the presence of the 120-kDa pFn fragment varied during antibody binding, incubation on SU-ECM to detect invasion always occurred in the presence of the fragment. Keratinocytes (8) and fibroblasts (43) express α3β1, which also interacts with pFn. Therefore, as specificity controls, the cells were prebound to the function-blocking, anti-α3β1 P1B5 monoclonal antibody before invasion induction. As shown in Figure 2 , P1D6 efficiently blocked invasion by both cell types when bound to cells before invasion induction by the120-kDa pFn fragment, whereas the fraction of cells adhered to SU-ECM appeared to be unaffected. However, a high concentration of P1D6 failed to inhibit invasion induction by the 120-kDa fragment when antibody binding occurred after fragment exposure of the cells. In contrast, binding high concentrations of P1B5 to cells before exposure to the 120-kDa pFn fragment did not inhibit fragmentinduced invasion. Thus, α5β1 integrin was identified as the receptor for invasion induction by the 120-kDa cell-binding domain, which probably occurred before SU-ECM adhesion. These results are consistent with the observation that the PHSRN-containing synergy region of the 120-kDa pFn cell-binding domain blocks P1D6 antibody binding to α5β1 (42) . The results suggest that the P1D6 epitope coincides with the region of α5β1 interacting with the invasion-inducing sequences of pFn, and implicate the PHSRN sequence as an invasion inducer for epithelial cells and fibroblasts.
Invasion induction by the PHSRN peptide. The induction of keratinocyte and fibroblast invasion by derivatives of the PHSRN sequence was evaluated on SU-ECM at peptide concentrations of 10-1,000 ng/mL (20 nM to 2 µM). As shown in Figure 3 , these cells exhibited similar log-linear responses to the PHSRN peptide. The invasion-inducing activity of Ac-PHSRN-NH 2 was increased by about 100-fold for both keratinocytes and fibroblasts. The lack of invasion-inducing activity of Ac-HSPNR-NH 2 at concentrations as high as 10 µg/mL (20 µM) indicated the sequence specificity of this effect. Consistent with its ability to stimulate a motile response, the presence of the PHSRN peptide in solution has been shown to stimulate dissociation of adherent cells from the substratum; and substitution of amino acids with neutral or acidic side chains for arginine has been shown to abrogate this activity (40) . Because invasion involves a change in substrate adhesion, the importance of the positively charged arginine side chain for keratinocyte and fibroblast invasion induction was evaluated. As shown in Figure 3 , the PHSAN and PHSEN peptides, which have a neutral side chain of alanine or a negatively charged side chain of glutamic acid at the position of the arginine side chain, were completely inactive at concentrations as high as 10 µg/mL. However, the PHSKN peptide, in which lysine is substituted for arginine, had greatly reduced but detectable invasion-inducing activity. This suggested that a positively-charged side chain at the fourth position may be necessary but not sufficient for invasion induction, and that other structural features of the arginine side chain could also be important.
Because Ac-PHSRN-NH 2 had 100-fold greater invasion-inducing activity than PHSRN, it was thought possible that Ac-PHSRN-NH 2 might be more potent at inducing invasion than the intact 120-kDa pFn cellbinding domain. To test this, keratinocytes and fibroblasts were induced to invade SU-ECM by identical molar concentrations of Ac-PHSRN-NH 2 or the 120-kDa pFn fragment in parallel invasion assays using the same sets of SU-ECM invasion substrates. As shown in Figure 4 , Ac-PHSRN-NH 2 was consistently at least tenfold more potent than was the cell-binding domain in inducing both cell types to invade SU-ECM basement membranes.
PHSRN was also found to be sufficient to stimulate keratinocyte and fibroblast chemotaxis in serum-free motility chamber assays. Cells were prebound to 2 µM PHSRN and then placed in gelatin-coated motility chambers containing 2 µM PHSRN in the top or in the bottom, and incubated for 12 hours. As shown in Figure 5, 2 µM PHSRN peptide in the lower chambers stimulated the chemotactic migration of PHSRN-pretreated or BSA-pretreated keratinocytes and fibroblasts by 8-to 30-fold over 0.2% BSA treatment. Because two to more than ten standard deviations separated the means, the results are statistically significant to more than 95% confidence. Chemokinesis was negligible, as shown by the observation that the presence of 2 µM PHSRN peptide in the upper chambers failed to stimulate migration to lower chambers by either of the cell types tested. Also, PHSRN pretreatment alone was not sufficient to stimulate the chemotactic migration observed, suggesting that continuous stimulation is required. PHSRN prebinding of the cells was shown to be unnecessary to observe chemotaxis toward PHSRN in the lower chambers, because very similar results demonstrating PHSRN-stimulated chemotaxis were obtained when cells were prebound with 0.2% BSA, also suggesting the need for continuous stimulation. Figure 6 summarizes the effects of a single topical application of Ac-PHSRN-NH 2 or Ac-HSPNR-NH 2 in NS compared to the effects of NS alone on the healing of identically sized dermal wounds of age-matched, healingimpaired, diabetic C57BL6/KsJ db/db mice or of their age-matched, normally healing, nondiabetic db/+ littermates. Neither blood nor lymph was evident in the dermal wounds of either db/db or db/+ mice for at least ten minutes after wounding, suggesting that the peptides applied were not significantly diluted by body fluids before being absorbed into each wound. Provisional matrix was not removed from the wounds during healing; however, at the time of complete reepithelialization of the treated wounds, the scabs were removed from representative untreated wounds to verify that their areas were not being significantly overestimated.
Effects of Ac-PHSRN-NH 2 , Ac-HSPNR-NH 2 , and NS on reepithelialization in db/db and db/+ mice.
As shown in Figure 6a , one Ac-PHSRN-NH 2 treatment of db/db wounds stimulated complete reepithelialization of all wounds in 8 days. This occurred whether the neighboring wound on each mouse was treated with Ac-PHSRN-NH 2 slightly more slowly, but was complete in 9 days. Unlike Ac-PHSRN-NH 2 -treated wounds, untreated wounds in db/db mice took a long time to reepithelialize, and the time required for their closure varied widely. Wound closure time ranged from 20 days to 42 days, irrespective of whether the neighboring wound on each mouse was treated with NS or with Ac-PHSRN-NH 2 . A typical example comparing duplicate dermal wounds in a db/db mouse treated with Ac-PHSRN-NH 2 or with NS alone is shown in Figure 6b . The scab was removed from the NStreated wound to demonstrate its lack of reepithelialization. The Ac-HSPNR-NH 2 -treated wounds of db/db mice also required a very long time to complete reepithelialization (14-22 days), suggesting that the stimulation of db/db wound healing by Ac-PHSRN-NH 2 was sequencespecific. Also, no Ac-HSPNR-NH 2 -treated or NS-treated db/db wound completed reepithelialization before any Ac-PHSRN-NH 2 -treated wound. Thus, whereas Ac-PHSRN-NH 2 treatment significantly stimulated wound reepithelialization with respect to Ac-HSPNR-NH 2 -or NS-treated db/db mice, there appeared to be no significant difference in the times required for wound closure among Ac-HSPNR-NH2-treated and untreated db/db mice. Interestingly, the areas of all Ac-PHSRN-NH 2 -treated wounds began to decrease immediately, suggesting that this peptide might attract cells or activate a pathway functioning in wound contraction. This was apparent even when the rates of closure of NS-treated db/+ wounds were compared with those of Ac-PHSRN-NH 2 -treated db/db and Ac-PHSRN-NH 2 -treated db/+ wounds.
The distance migrated by keratinocytes was measured microscopically in sectioned Ac-PHSRN-NH 2 -treated, Ac-HSPNR-NH 2 -treated, and NS-treated db/db wounds during the 8 days after wounding. In this experiment, 24 db/db mice were wounded in duplicate and divided into three equally sized treatment groups. The wounds of one group of mice was treated with 2 µg Ac-PHSRN-NH 2 in 5 µL NS immediately after wounding. Another group was treated with the same dosage of Ac-HSPNR-NH 2 . The wounds of a third (untreated) group received 5 µL of NS only. On each of the 8 days after wounding, an arbitrarily chosen mouse from each group was sacrificed. The tissues bearing the wounds, dissected with surrounding skin intact, were subjected to histological analysis. Five sets of three serial sections, spanning a total of 1,325 µm of wounded tissue, were cut from a central region of each wound and measured. For the 24 mice, Figure 7a shows the mean percentage reepithelialized when the 15 sections of each wound were measured for each of the 8 days after wounding. On days 7 and 8, the Ac-PHSRN-NH 2 -treated wounds were 100% reepithelialized upon gross examination and in all 15 sections measured, although the thickness of the new epidermis varied from multiple layers at the edges to about three layers in the centers of the wounds. In contrast, the migrating sheets of keratinocytes were much thinner and had only extended into 15-25% of the wound areas of the Ac-HSPNR-NH 2 -treated and the NS-treated db/db wounds by this time. Because keratinocyte migration is not believed to depend on proliferation (44), the rapid reepithelialization of Ac-PHSRN-NH 2 -treated wounds was probably due to the stimulation of migration. However, because Ac-PHSRN-NH 2 -treated wounds appeared to decrease in size shortly after wounding, reepithelialization was also aided by the shorter distance required to be crossed. Figure 7b shows a typical section of a hematoxylin and eosin-stained Ac-PHSRN-NH 2 -treated db/db wound 8 days after wounding. A stratified layer of keratinocytes extends across the entire wound. Under the new epidermis is granulation tissue with numerous capillaries and many active fibroblasts, as judged by their extensive basophilic cytoplasm, euchromatic nuclei, and prominent nucleoli. Figure 7c shows a typical section of a stained Ac-HSPNR-NH 2 -treated db/db wound 8 days after wounding, with the ingrowing keratinocytes indicated. The provisional matrix has much more limited vascularization and few active fibroblasts at this stage. Figure 7d shows a section of an NS-treated db/db wound 8 days after wounding, with the ingrowing keratinocytes indicated. The provisional matrix is not well vascularized, and few active fibroblasts are visible.
The provisional matrix of sectioned wounds in db/db mice after wounding and treatment with Ac-PHSRN-NH 2 , Ac-HSPNR-NH 2 , or NS was also examined microscopically for the presence of fibroblasts. As shown in Figure 8a , by 3 days after wounding, the provisional matrix deep in Ac-PHSRN-NH 2 -treated wounds contained numerous activated fibroblasts and prominent fibers, arranged in layers parallel to the wound surface and extending down to the base of the wound. The fibers and fibroblasts are shown at a higher magnification in Figure 8b . The provisional matrix of this Ac-PHSRN-NH 2 -treated wound also appeared to contain macrophages, another very important cell in wound healing (23) . The arrangement of fibroblasts and fibers observed has been interpreted as characteristic of a later stage in granulation tissue formation (reviewed in refs. 1 and 45) , and was consistent with the contraction of Ac-PHSRN-NH 2 -treated wounds occurring at this time, as shown in Figure 6a . In contrast to the Ac-PHSRN-NH 2 -treated wounds, the provisional matrix of the NS-treated wounds 3 days after wounding exhibited more limited provisional matrix, fewer fibroblasts and fibers, and many more neutrophils, as shown in Figure 8c . Consistent with the sequence specificity of the effects of Ac-PHSRN-NH 2 treatment, the fibroblasts and fibers were also much less conspicuous in the provisional matrix of the Ac-HSPNR-NH 2 -treated wounds, as shown in Figure 8d , whereas neutrophils were much more prevalent. These features have been viewed as characteristic of the earlier inflammatory stage of cutaneous wound repair (1).
Discussion
Nanomolar to micromolar concentrations of the PHSRN peptide induce keratinocytes and fibroblasts placed on the exterior surfaces of SU-ECM invasion substrates (25, 28) to migrate across the ectodermal extracellular matrix and the underlying lamina lucida of the basement membrane before migrating across its lamina densa (46) to the blastocelic cavity. Although it is not necessary for these cells to cross the basement membrane to enter the wound provisional matrix, enzymatic features of migration across the basement membrane in this direction may be similar to those involved in invading the provisional matrix, in that both processes may involve the activation of interstitial collagenase (11, 14 , and data not shown). The PHSRN sequence thus appears to induce invasion through interaction with the α5β1 integrin fibronectin receptor by a mechanism distinct from that of its previously defined function as a synergy sequence during α5β1 adhesion to the substrate RGD sequence (40, 41) . This suggests that the mediation of adhesion and migration by the α5β1 receptor is a complex process. The invasion-inducing activity of PHSRN and of its more active derivative, Ac-PHSRN-NH 2 , have also been observed for other types of epithelial cells in vitro, including normal human prostate (28) and mammary epithelial cells (D. Livant et al., manuscript in preparation). The PHSRN peptide is sufficiently active that nearly all of the invasion-inducing activity of the cell-binding domain appears to be present in this sequence. Moreover, Ac-PHSRN-NH 2 is 100-fold more active than is PHSRN when tested in vitro, perhaps because the removal of terminal charges allows the peptide to assume a more active conformation, and increases its resistance to exoproteinases.
Diabetes is a chronic disorder of glucose homeostasis that affects 6% of the general population. Diabetics exhibit delayed wound healing (47) , probably because of changes in vascular basement membranes and extracellular matrix that may delay the entry of cells into wounds (reviewed in ref. 48 ). Thus, topical agents with structures related to that of Ac-PHSRN-NH 2 could be of significant therapeutic value. The genetically obese diabetic C57BL/KsJ db/db mouse is a well-known and clinically relevant model of impaired wound healing (35) (36) (37) (38) . The defect in tissue repair has been related to a delay in cellular entry (37) , making this an attractive model in which to test the effects of the Ac-PHSRN-NH 2 peptide.
Consistent with its invasion-inducing activity in vitro, a single dose of the Ac-PHSRN-NH 2 peptide stimulates keratinocyte and fibroblast migration into db/db wounds, although its effect might have been minimized in our experiments because the histidine residue is replace by proline in mice (reviewed in ref. 49 ). Thus, Ac-PHSRN-NH 2 treatment appears to enhance the migration-dependent processes of reepithelialization, fibroplasia, and neovascularization in the dermal wounds of healing-impaired db/db mice. It also appears to enhance wound contraction, and to stimulate the layered arrangement of fibroblasts and fibers normally associated with it (reviewed in ref. 45) . As a result of its stimulation, the time required for the closure of all Ac-PHSRN-NH 2 -treated dermal wounds in db/db mice is markedly decreased compared with Ac-HSPNR-NH 2 -treated or NS-treated wounds. Because Ac-PHSRN-NH 2 -treated db/db wounds reepithelialize slightly faster than do identical, untreated wounds in their normal db/+ littermates, and as rapidly as Ac-PHSRN-NH 2 -treated wounds in db/+ mice, topical treatment with Ac-PHSRN-NH 2 may substantially reduce or eliminate the wound healing defect in db/db mice.
On a molar basis, Ac-PHSRN-NH 2 appears to be a more active inducer of invasion than the entire pFn cell-binding domain by at least tenfold. This suggests the interesting possibility that the production of active PHSRN sequence in wounds may be a proximal event for the stimulation of migration through a variety of extracellular matrices, and that active PHSRN sequence production may be driven by mechanisms that are defective in diabetic mice. There is precedence for peptides with significantly increased effects on adhesion, motility, and chemotaxis, which derive from extracellular matrix proteins such as type IV collagen (50) and laminin (51) (52) (53) . There are also numerous examples of small active peptide hormones that are cleaved from large, inactive precursors (reviewed in ref. 54 ).
Thus, pFn may be a source of a locally acting peptide chemotactic factor, which functions to attract the cells that are crucial for wound healing by inducing chemotaxis through the stroma and directional migration on the provisional matrix. The stimulation of cell migration by diffusable cytokines, which form concentration gradients from their source tissues, is very important in wound healing and host defense. Many chemotactic cytokines function in inflammation to recruit monocytes, neutrophils, or fibroblasts to wounds (reviewed in ref. 55 ). Often, these molecules are generated by proteolytic cleavage from inactive, soluble precursors after wounding (56) . Considering pFn as a source of a potent, locally active chemotactic factor suggests that the cleavage of other soluble extracellular matrix molecules may also generate cytokines regulating chemotaxis and invasion into wounds.
